Background: Twenty to thirty percent of patients with left heart failure in randomized trials do not respond clinically to cardiac resynchronization therapy (CRT). The objectives of our work were to estimate the effectiveness of CRT in our routine practice, and to find predictors of favorable response to CRT. 
INTRODUCTION
Cardiac resynchronization therapy (CRT) has been shown to improve symptoms, increase exercise capacity, decrease heart failure hospitalization and decrease mortality in patients with New York Heart Association (NYHA) class 3/4 with depressed systolic function and a prolonged QRS [1] [2] [3] . However, 20% -30% of patients who receive CRT therapy do not show significant clinical improvement [4] [5] [6] . As a result there has been intense investigation to develop non invasive parameters to predict CRT response [7] [8] [9] . While mechanical dyssynchrony assessed in the longitudinal axis of myocardial motion was shown to be predictive in single center trials [7] [8] [9] [10] . The multi-center PROSPECT trial failed to identify any echocardiographic dyssynchrony criteria to predict responders better than clinical criteria [11] . Speckle tracking radial strain from routine gray scale 2D echocardiographic images has been proposed to quantify dyssynchrony and to predict immediate and long term response to CRT [12] .
Mitral regurgitation (MR) presents in up to 60% of patients with chronic left ventricular (LV) dysfunction and is a powerful risk factor for poor clinical outcome despite optimal medical treatment [13] [14] [15] . Recent studies have demonstrated that CRT may result in improvement in MR [16, 17] . However the mechanism of this improvement in MR following CRT is not yet fully understood. LV dyssynchrony involving the posterior mitral leaflet appeared to be a determinant for the presence of MR [5] . In addition, preliminary data suggested that CRT can acutely reduce MR in patients with dyssynchrony between the papillary muscles [18] . Besides the acute effect, reduction in MR has also been shown at long term follow up after CRT and is most likely secondary to LV reverse remodeling [19, 20] .
The objectives of our work are: 1) To estimate the effectiveness and safety of CRT in our routine practice, outside of clinical trials; 2) To find clinical and echocardiographical predictors of favorable response to CRT; 3) To evaluate the role of dyssynchrony in reduction of MR; 4) To determine predictors of significant MR reduction after CRT using the novel approach of 2D longitudinal myocardial strain.
METHODS

Patients and Definition of Response
We retrospectively studied 56 consecutive patients who underwent CRT in our hospital from February 2003 until December 2007. Clinical parameters were assessed before and after CRT implantation. Median follow up was 22.5 months. At the end of the follow up patients were divided into three groups based on the clinical improvement in NYHA. Patients that didn't improve in NYHA class were defined as non responders. Patients that improved in one class and two classes of NYHA were defined as responders and super responders respectively.
Echocardiography
Echocardiography was performed at rest in the left lateral decubitus position using a variable frequency phased array transducer (1.9 -5 MHz) with conventional methods. LV end systolic and end diastolic dimensions and left atrial diameter in end systole were obtained in the parasternal long axis view. LV ejection fraction was measured by the biplane Simpson's method. MR was identified as percent MR jet area in relation to left atrial area (LA) by planimetry and averaged in apical four, two and three chamber views. The severity of MR was graded on a three point scale: mild = 1 + (jet area/LA area <20%), moderate = 2 + (jet area/LA area 20% -40%), severe = 3 + (jet area/LA area >40%). Diastolic dysfunction was assesed by mitral valve inflow or tissue dopler velocities of the mitral valve, graded on a three point scale: mild = 1 + (abnormal relaxation), moderate = 2 + (pseudonormal pattern) and sever = 3 + (restrictive pattern). LV subendocardial mechanics were analyzed using Velocity Vector Imaging (VVI, Siemens Medical Systems, Mountain View, California), a 2D tissue tracking software. Time to peak longitudinal strain was measured from the apical 2-, 3-, and 4-chamber views (6 segments in each standard view). A time difference between opposing wall segments was calculated for the base and mid levels in each view. All analysis was performed by a single reader. The echocardiographic analysis was blinded to clinical outcome.
Statistical Analysis
Continuous variables are summarized as mean values ± SD and categorical variables as a percent of the total. Baseline and follow up variables were compared by the non parametric paired Wilcoxon Signed Ranks test and Marginal Homogeneity test. Baseline and follow up continuous variables were compared between the non responders, responders and super responders by the Kruskal Wallis test and categorical variables by Pearson Chi Square test. Difference between non responders and super responders with severe MR were analyzed by χ2 or Fisher exact test (dichotomous variables) or t test (averages). Cumulative survival was calculated according to improvement in MR after the implantation by the Kaplan-Meier method. All statistical analysis was performed using SPSS version 12(SPSS Inc. Chicago, IL, USA). A p value <0.05 was considered significant.
RESULTS
Patient Characteristics
Fifty six consecutive patients (73.2% men, age 66.3 ± 9 years), received CRT and were followed for 27.4 ± 18.7 months. Baseline characteristics of the patients included in this study are summarized in Table 1 . Five patients were upgraded from pacemaker and five patients from defibrillator device. Twenty seven patients (48%) received CRT with defibrillator. Mean number of admissions with heart failure exacerbation per patient per year before CRT implantation was 1.9. Twenty one patients (37.5%) died during the follow up, ten from heart failure, 2 from arrhythmia and 9 from non cardiac cause.
Clinical and Ecocardiographic Parameters after CRT Therapy
Clinical and echocardiographic parameters pre and post CRT therapy are listed in Table 2 . The exact NYHA class after CRT implantation could have been determined for 35 patients. Functional capacity of the rest of the patients was influenced by other medical problems or was not known due to loss of follow up. After CRT implantation 11 patients (31%) did not improve NYHA class and were defined as non responders, 15 patients (43%) improved in one NYHA class and were defined as responders and 9 patients (26%) improved in 2 NYHA classes and were defined as super responders. Comparison between those three groups regarding variables before CRT implantation and after CRT implantation is presented in Tables 3 and 4 respectively. There was no statistically significant difference between the non responders, responders and super responders regarding the location of the coronary sinus lead at the implantation. No improvement in MR grade after CRT implantation among the non responders (67% had moderate to severe MR before and after CRT implantation) as opposed to the super responders, which 88% of them had moderate to severe MR before CRT implantation and 100% had only mild MR after CRT implantation. Significant improvement in severity of MR was an important predictor of high responsiveness (p = 0.03). Improvement in MR grade was associated with complete left bundle branch block pattern at the baseline ECG (p = 0.04) and lower mortality (Figure 1) . 
Predictors of MR Improvement
Among 13 patients with moderate to severe MR from the non responders and super responders groups, in 9 patients, images for 2D longitudinal strain analysis were available. The echocardiographic parameters and 2D longitudinal strain at baseline and follow up among patients with moderate to severe MR in the non responders versus super responders are presented in Table 5 . There was no statistically significant difference between the non responders and super responders with moderate to severe MR, regarding echocardiographic parameters as MR jet direction, tethering of posterior leaflet, ring diameter and the length of anterior and posterior papillary muscle or chorda pre CRT implantation. Improvement in synchronization between the mid lateral and mid septal segments (130 ± 53 msec vs. 20 ± 23 msec, p = 0.006) and between the mid anteroseptal and mid post segments (120 ± 0 msec vs. 40.5 ± 47 msec, p = 0.03), as was calculated with longitudinal strain was predictor of super responders. Worsening the delay between the mid posterior and mid anterior septal segments was associated with absence of response (21 ± 27 msec vs 120 ± 0 msec, p = 0.006).
DISCUSSION
As was demonstrated in the randomized clinical trials, we have shown ( Table 2 ) that CRT is an effective therapy in long term follow up of symptomatic patients with left heart failure in real world practice (69% responders). In our population, 25% of the patients treated with CRT can be identified as super-responders. This proportion is similar to previously reported results [21, 22] . Significant improvement in severity of MR was an important predictor of high responsiveness (p = 0.03).
Multiple factors such as LV remodeling, increased leaflet tenting area, coaptation height and altered leaflet tethering geometry are considered to cause functional MR in patients with LV systolic dysfunction [18, 23, 24] . The presence of dyssynchrony is an important contributing factor for worsening MR in patients with LHF [20, 25, 26] . A number of studies have shown that CRT can reduce MR by improving the tethering forces on the papillary muscles consequently improving the global LV function and decreasing the systolic tenting area [20, 25] . In addition to these acute changes, reverse LV remodeling and further improvement in LV function occur over time and lead to a better leaflet coaptation [17, 27] . Kanzaki et al used tissue Doppler longitudinal strain imaging and demonstrated that improvement in timing of mechanical activation of the papillary muscles after CRT led to an immediate reduction in MR [25] . Similarly Brandt et al showed deterioration of MR after temporary interruption of long term CRT suggesting that mechanical dyssynchrony contributed to this acute MR recurrence [28] . Thus those preliminary results strongly suggest the beneficial role of CRT in functional MR improvement in both ischemic and non ischemic cardiomyopathy [20, 25] . Even though, nearly 70% of nonresponders in our work were left with moderate MR after CRT (as opposed to super responders which 100% had mild MR after CRT). When we compared non responders with moderate to severe MR to super responders with moderate to severe MR, we demonstrated the importance of the delay between mid segments (lateral vs. septal and post vs. ant septal) pre CRT and improvement in the delay after CRT as strong predictor for MR improvement and super responsiveness. Naqvi et al. also found that delayed time to peak strain in the mid inferior segment as predictors of MR reduction [27] . The mid segments represent the areas of insertion of the papillary muscle. Thus reduction in MR severity can be attributed to resynchronized papillary muscle activation and reduced mitral leaflet tethering forces. Super responders also showed improvement in LV end systolic volume which represents LV reverse remodeling leading to reduction in mitral annular size with restoration of mitral valve closure. Future target studies are warranted to further elucidate the role of dyssynchrony in functional MR.
CONCLUSION
CRT is an effective therapy in long term follows up of symptomatic patients with LHF in real world practice. In patients with significant MR, the presence of significant delay between the mid segments as measured by longitudinal strain in 3 chamber view pre CRT and the improvement in the synchronization in mid segments as measured in 3 and 4 chamber view, were found to be important predictors of improvement in MR and super responsiveness post CRT. Our study suggests that the most important mechanism of MR pre CRT may be related to the dyssynchronization of the mid segments, papillary muscle insertion sites. Understanding the mechanism of MR in each LHF patient and the role of mechanical dyssynchrony as a pathophysiological determinant of MR will allow better selection of patients for CRT.
LIMITATIONS
The main limitations of this study are its retrospective nature and a small number of patients. In our study for the longitudinal strain analysis we included patients in whom the images were acquired with appropriate frame rates and had good quality. This is the reason that the number of patients was small. We did not evaluate MR by PISA method; however we quantified MR by planimetry in all three apical views before and after CRT and the patients acted as self controls, so the percent reduction in MR should generally not be affected by our methodology for assessment of MR severity.
